This paper proposes and implements an early warning and monitoring system for rainfall-induced landslide (named as EWM RIL ) with a case study at the Nam Dan landslide (northern Vietnam). The proposed system consists of six sensor nodes and one rainfall station that are used to sense large amounts of data in real-time such as soil moisture, pore-water pressure (PWP), movement status, and rainfall. In addition, a new flexible configuration for the wireless communication system is proposed that is capable not only to save the energy consuming but also to ensure the reliability of the system. Using wireless communication system, the sensed data were sent to the computer station for analyzing and predicting the instability of the landslide in terms of factor of safety (FoS) using the finite element seepage analysis and the limit equilibrium slope stability analysis methods. These methods are available in the SEEP/W and SLOPE/W modules of the GeoStudio software. Based on the analyzing results, the system proposed three warning levels for the landslide Early, Intermediate, and Imminent. Experiment result in the rainy season from August to September 2016 has proven the validity of the EWM RIL system. The result of this study is useful for landslide risk prevention and management in landslide prone-areas.
Introduction
Rainfall-induced landslide is one of the most serious natural hazard problems in mountainous areas because it may suddenly occur with high travelling speeds posing threats to human life and properties (Kirschbaum et al. 2009 ), and especially, to building and infrastructures (Ahlheim et al. 2008; Klose et al. 2015; Del Soldato et al. 2017; Loi et al. 2017) . Annual direct and indirect economic losses and casualties were estimated over $1 billion in many countries i.e. Japan, China, Italy, and the United States (Schuster and Fleming 1986; Xie et al. 2005; Kjekstad and Highland 2009; Trezzini et al. 2013) .
Due to changes of climate i.e. high frequency of rainstorms (Barla and Antolini 2016; Tien Bui et al. 2016) , fast population growth with uncontrolled urban sprawl, and improper settlement development, frequency and trend of landslide occurrence are increased and reached an alarming rate in many countries (Saito et al. 2014; Dou et al. 2015; Avila et al. 2016; Lin et al. 2016; Wood et al. 2016 ). This problem is of particular concern in Vietnam, where landslides occurred in almost all mountainous areas due to high frequency of tropical rainstorms in recent years (Pham et al. 2017; Loi et al. 2017; Tien Bui and Anh Tuan et al. 2017; . Therefore, studying of landslides to determine measures for landslide risk prevention and management is highly necessary. These have been clearly stated in the guidelines for risk analysis and sustainable disaster management within International Strategy for Disaster Reduction of United Nations (UN-ISDR 2006) .
Among various methods for the landslide risk prevention, monitoring and early warning systems are considered to be one of the most promising ways (Uchimura et al. 2015) . Literature review shows that various monitoring and early warning systems for rainfall-induced landslides have been successfully proposed, from national to site-specific scale with different time spans i.e. short term, medium term, or long term. For national and regional scales, early warning systems are built mainly based on the established relationships between rainfall intensity/duration and the consequent activation of landslides (Baum and Godt 2010; Liao et al. 2010; Lagomarsino et al. 2013; Papa et al. 2013; Mathew et al. 2014; Manconi and Giordan 2015; Calvello and Piciullo 2016) . However, monitoring of only rainfall for evaluating the failure for individual slopes is not enough because the shear strength of these slope materials is not always the same.
For site-specific scale, early warning systems are mostly based on near-real-time monitoring of slope movement and triggering variables at the site, i.e. rainfall and pore-water pressures (PWPs) (Yin et al. 2010; Thiebes et al. 2014) . Accordingly, thresholds for alarming could be determined either by experts through the interpretation of monitoring data (Intrieri et al. 2012) or the use of physical or numerical models (Capparelli and Versace 2011) . The later one that integrates directly monitoring data and numerical models has been considered effective systems for landslide early warning, and for this case, networks of sensors for monitoring landslide triggering factors must be constructed. Some successful integration models can be seen as infiltration models (Greco et al. 2010; Capparelli and Versace 2011; Chae and Kim 2012) , slope equilibrium models (Thiebes et al. 2014) , and slide propagation model (Yin et al. 2010; Macciotta et al. 2016) . Nevertheless, detailed development of rainfall-induced landslide warning systems for site-specific scale is still rare. More importantly, flexible, innovative designs and detailed technical explanations for the establishment of wireless networks of sensors for monitoring and early warning systems for rainfall-induced landslides have been seldom provided.
This work aims to partially fill this gap in the literature by proposing an early warning and monitoring system for rainfall-induced landslide, named as EWM RIL , with a case study at landslides in the north of Vietnam. In this paper, the detailed design and implementation of the wireless sensor network (WSN) for monitoring landslide triggering parameters were provided. These monitoring data were integrated with a predictive model that was constructed using the finite element method (FEM) (Quecedo et al. 2004 ).
Background of the methods, sensors, and wireless networks used
To implement a rainfall-induced landslide warning system, it is necessary to determine the instability status for the landslide being considered, and for site-specific landslides, the instability status can be determined using factor of safety (FoS) (Collins and Znidarcic 2004) . Thus, FoS could be monitored and assessed using wireless sensors network and GeoStudio software installed in a monitored station. This section describes the theoretical background of FoS, the software used for calculating FoS, and the proposed wireless sensors network used.
Factor of safety
According to Rahimi et al. (2010) , the calculation of FoS for a landslide can be carried out by two steps: (i) in the first step, finite element seepage (FES) analysis is conducted to estimate PWPs of the landslide, based on soil-water characteristic curve and permeability function; (ii) in the second step, the limit equilibrium slope stability (LESS) analysis is performed to compute unsaturated shear strength parameters, and then, estimating FoS for that slope.
It is noted that the FES and LESS analyses in this study are carried out using the commercial software packages of SEEP/W (Krahn 2012a) and SLOPE/W (Krahn 2012b) in the GeoStudio, respectively. Accordingly, the PWP is calculated using the water-flow governing equation (Rahimi et al. 2010) as follows:
where h is the hydraulic head available for flow, k x is the coefficient of permeability in x-direction; k y is the coefficient of permeability in y-direction; H is the hydraulic head or total head; q is the applied flux at the boundary; m w is the slope of soil-water characteristic curve, the coefficient of volumetric water change with respect to a change in negative PWP; g w is the unit weight of water, and t is the time. The LESS model uses the shear strength of unsaturated soil for estimating the FoS using the following equation (Fredlund et al. 1978 )
where T i is the shear strength at the ith slice of the slip surface; c 0 is the effective cohesion; d is the total normal stress; u w is the PWP; u a is the pore-air pressure; (u a Àu w ) is matric suction; ðd À u a Þ is the net normal stress; f 0 is the effective friction angle; and f b is the angle with respect to changes in matric suction when the net normal stress is held constant.
Once the LESS model for the landslide is determined, the FoS for the landslide is calculated as the ratio of shear strength to shear stress as follows (Liu et al. 2015) :
where N is the number of slide of the slip surface; t i is the effective normal stress at the ith slice of the slip surface.
Sensor and wireless networks for rainfall-induced landslide early warning system
The successful design and implementation of a rainfall-induced landslide early warning system are strongly dependent on sensors and networks used. The reason is that the sensors and networks are used to collect, handle, and transmit massive amounts of monitoring data (Ramesh 2014 ). Therefore, it is necessary to properly determine type of the sensors used, number and location of the monitoring points, and sampling rates of the monitored parameters (Angeli et al. 2000) . It is well-known that the selection of the sensors is dependent on triggering parameters of the landslide being considered. For rainfall-induced landslides, failures are mainly influenced by groundwater condition, rainfall intensities, and soil properties of the slope . Accordingly, infiltration of water into the slope material during rainfall events causes increasing PWP and decreasing shear strength, and thus, reducing the FoS (Terlien 1998) . Therefore, PWP sensor and soil moisture sensor should be used to collect and monitor the material characteristics of the slope for determining the instability status of the landslide.
This section describes types of the sensors used for the proposed EWM RIL model. In this research, the term of 'sensor node' used is defined in , whereas 'network' refers to the logical connection between the sensor nodes. The sensors are buried underneath the slope and selected based on accuracy, response time, power consumption, and long-term usage. The sensor nodes are connected using wireless communication and data transmission protocols (L opez et al. 2014) . Accordingly, the monitored parameters are: (i) indirect factors such as rainfall, groundwater level, moisture, and PWP in the soil within the sliding block at different depths; (ii) direct parameters such as amplitude, speed, and sliding translation direction of the slope.
Accelerometer: The aim of this sensor is to determine the tilt and the vibration of the landslide being considered. Thus, the change rate of the velocity and magnitude of the landslide in 3-axis directions through time can be monitored. The displacement rate is used to design the warning thresholds. Conventionally, geophones have been used for the analysis of vibrations of landslides such as in Ramesh (2014) . However, recent studies point out that micro-electro-mechanical-systems (MEMS)-based accelerometers outperform geophones in terms of power consumption (Hons et al. 2008; Deng et al. 2014) , therefore, the three-directional MEMS-based accelerometer ADXL-335 was proposed to use in this study (Bhattacharya et al. 2012) . Accordingly, acceleration can be calculated using the equation as follows:
where ACC i is the acceleration value in direction i (i = X,Y,Z); Sam i is the value after sampling of axis i; R is the voltage reference; O i is the offset, and Sen i is the sensitivity of the accelerometer on axis i. Bandwidths of this accelerometer can be configured within a range of 0.5-1600 Hz for X and Y axes, and a range of 0.5-550 Hz for the Z axis (Bhattacharya et al. 2012) .
Rain gauge: Rainfall-induced landslide is influenced by rainfall intensity, duration, and antecedent rainfall (Tien Bui et al. 2013 ). In addition, in many mountainous areas, rainfall is dependent on many local factors such as topography and elevation (Chae and Kim 2012). Therefore, if available rainfall stations are far from the landslide being considered, a new rain gauge near the landslide should be established at a safe distance to the landslide for measuring rainfall data. The rain gauge connects and transmits data directly to the network's sink node.
The PWP sensor: This sensor is used to measure the pressure of groundwater of the slope. Depending on the underground structure of the slope, a number of PWP sensors should be placed at different depths to monitor the effect of both negative and positive PWP, respectively (Collins and Znidarcic 2004) . Accordingly, tensiometers could be buried beneath the ground surface for measuring the negative PWPs, whereas piezometers could be installed below the groundwater level for measuring positive PWPs. In this study, we used the vibrating-wire piezometers manufactured by Slope Indicator, Inc. for measuring the PWPs.
Soil moisture sensor: One of the most important factors affecting the infiltration of soil is the amount of water (Chae and Kim 2012). In unsaturated soils, the volume of water stored within the void spaces is varied, depending on the matric suction within the pore-water. The matric suction is defined as the difference between the air (u a ) and water pressure (u w ) Therefore, the soil moisture sensor should be used to gather the volume of water in the soil. Accordingly, the volume of water content is derived indirectly through measuring the electrical conductivity of the soil medium surrounding them using the following equation
where SM is the soil moisture value (%); SM ADC is the analog to digital converter (ADC) output; and OS ADC is the offset value at 0 Kpa.
Wireless communication: In this study, we proposed to use XBee-Pro ZigBee module (also called XBee for short) that is based on the wireless communication standard IEEE 802.15.4 and is engineered for operating with the ZigBee protocol. The main advantage of ZigBee is that it consumes low power, therefore, it is suitable for the sensor nodes powered by battery. The XBee module has a data rate up to 250 kbps with the 2.4 GHz ISM band. Furthermore, the XBee module includes low power sleep mode (Manual Product 2008) .
Microprocessor: This is a central element of a sensor node. The microprocessor controls sampling time, collects data from sensors, conveys aggregate data to the Radio Frequency (RF) module to transmit to the sink node. In these sensor nodes, where power consumption is constrained by battery capacity, the microprocessors should be a low power consumption.
WSN: This is proposed for the Rainfall-Induced Landslide Early Warning and Monitoring System because it has proven suitable for applications in environmental monitoring due to its flexibility, real-time data capture, and transmission (Baronti et al. 2007; Rawat et al. 2014; Fosalau et al. 2016) . In this study, the WSN consists of six sensor nodes and one sink node. Environment parameters are measured at these sensor nodes, and then, are transferred to the sink node via wireless links. The sink node delivers the measured data to users through internet by a gateway.
The proposed EWM RIL

Structure of the proposed early warning and monitoring system
The structure of the proposed EWM RIL in this study is shown in Figure 1 . First, the microprocessor units in these sensor nodes acquire the data from all sensors and transfer to the wireless interface module (Figure 2(a) ), and then, the wireless interface modules send the data to the sink node and the gateway unit. In the next step, the data are uploaded to the Web Server through the gateway. Then, the data from Web Server are formatted and forwarded to the monitoring Website, the mobile phones of people in charge, and the Computer Station. Finally, the GeoStudio program at the Computer Station is used to analyze the instability status (using FoS) of the slope being considered, and its results can be used to reconfigure the WSN (see Figure 5 ) and give an alarm if need be.
The sensor node
The proposed wireless sensor node in this study includes three PWP sensors, three accelerometers, and one soil moisture sensor (Figure 2(a) ). In addition, communication bus, microprocessor, pin Figure 1 . Diagram of the proposed system.
GEOMATICS, NATURAL HAZARDS AND RISK
Lithium, and wireless interface module are included. The detailed structure of the proposed sensor node and a photo of a real wireless sensor node are shown in Figure 2(a,b) , respectively. It is noted that the topology of the network is designed to include both the star topology (Figure 3(a) ) as suggested in Gutierrez et al. (2001) and the tree topology (Figure 3(b) ) as proposed in Cuomo et al. (2008) . The sensor node packages the monitoring data, and then the data are transferred to the sink node and the gateway unit through wireless communication (see Figure 1) .
The use of both the star topology and the tree topology (Figure 3(a,b) ) is important for the EWM RIL system because it enables a tradeoff between the power saving and the reliability of the network. Thus, it is an effective mechanism to exploit the advantages of both topologies. The reason is that the tree topology could extend the lifetime of each sensor node, however, the system using only this topology will be broken if a cluster node is out of work due to the landslide or other errors. Data of all nodes connecting to this cluster node will not be transferred to the destination, and thus, this affects the reliability of the EWM RIL system. For the star topology, every node sends the data to the sink and gateway node directly, and consequently, failures of one node do not break the system. However, the star topology consumes more power compared to that of the tree topology (Cuomo et al. 2008) .
The synchronization in WSN network, which establishes a time reference among sensor nodes, is a critical point. The synchronization solution is a balance of energy efficiency, accuracy, and other factors which are weighed based on specific applications. In our system, the most important moment in the operation of the system is when the FoS is low. At this time, the network is configured as the star topology. On the other hand, the number of sensor nodes is small. The scheme used for synchronization in this research is reference broadcast synchronization (Elson et al. 2002) .
In our work, we used the commercial platform for wireless sensor networks from Libelium, Spain. Waspmote has a real-time clock module which is used for setting time and alarm clock. Alarm clock part enables to set alarm clocks and get interruption to wake up. Thus, the node synchronization is ensured. 3.1.1.1 The PWP. The PWP sensor is used to measure the PWP u w (in Equation 2) at the depth the sensor was buried, in response to the rainfall water infiltration. At the slope with a low groundwater table, the soil is unsaturated. When the rain occurs, the infiltration increases the level of saturation in the soil's depth, and consequently, the hydraulic conductivity increases and the PWP tends to accumulate. In this work, PWP sensors were established at 3, 5, and 11 m, respectively. Accordingly, boreholes were drilled to the slope to install piezometers.
3.1.1.2 The accelerometer sensor. The accelerometer sensor is used to measure both the vibration and the tilt of the slope being considered. For each sensor column, we use three accelerometer sensors to construct a multi-segment inclinometer, in which the distance between two successive sensors is 60 cm. We use pipe segments (the diameter of 0.25 cm and the length of 60 cm) containing an acceleration sensor and an electronics board protected against water by epoxy resin. Signal and power cables inside the pipe are used to connect the electronics board to the main board on the ground. These segments are connected together to form a long column (Uchimura et al. 2015) .
3.1.1.3 The soil moisture sensor. The soil moisture sensor is used to measure the volumetric water content of the soil, which is the difference between the air (u a ) and water pressure (u w ) (see u a and u w in Equation 2). Depending on the size of the landslide being considered, the number of sensor nodes in the designed network is determined and placed in the slope for measuring and monitoring the slope condition.
3.1.1.4 Microprocessor unit. Microprocessor unit, which is considered as the heart of each sensor node, acquires and packages the data from the sensors. The working stream flow chart is shown in Figure 4 (a). The XBee RF module, which is connected directly to the microprocessor unit, receives the data from the microprocessor unit, and then, sends it to the sink node and gateway unit using the star or the tree topologies.
3.1.2 Sink node, gateway unit, and photovoltaic solar panel These sensor nodes sample and collect the data, and then, package and transfer them to the sink node. The sink node and gateway unit should be located at a safe position near the slope. It is noted that some sensor nodes also act as routers when the network switches from the star to the tree topology. The sink node aggregates the data and sends commands to the sensor nodes. The data are first preprocessed at the sink node and then further forwarded to the Web Server.
The detailed working stream flow of the sink node and the gateway unit is shown in Figure 4 (b). The sink node is supplied the power from a battery and a photovoltaic solar panel. When the solar panel's voltage is lower than a defined threshold, a circuit automatically switches power supply to the battery. The gateway transmits the collected data to the Web Server via GSM/GPRS.
The rain gauge and computer station
In this system, a rain gauge is additionally proposed to the system to measure the rain precipitation over a set period of time. The real-time measured data from the rain gauge are transferred to the GeoStudio software at the computer station to model the PWP distribution in the soil slope. Using the SEEP/W module, the flow of water through the unsaturated soil was estimated by using the Darcy's Law (Menci o et al. 2014) and Equation 1.
In addition, a WSN software that is developed by the authors is installed at the sink node for the EWM RIL system. This WSN software consists of three modules, data acquisition, data processing, and data communication. The first one is used to record monitoring data from the sensor nodes. The second one is the core component module of the software and is used to process all the incoming monitoring data, and then, sends the command to the sensor nodes. The final module provides the routing algorithms and time synchronization methods (Gutierrez et al. 2001 ).
Expert and people in change
It is emphasized that the FoS for the slope being considered must be computed beforehand by landslide experts based on the field survey data using the commercial SEEP/W and SLOPE/W software as mentioned in Section 2.1. The near-real-time monitoring data from the sensors mounted in the sensor nodes and the rainfall station are used to compute the near-real-time FoS index (RFoSI). By analyzing FoS and RFoSI, warning messages will be sent to people in charge via the mobile communication network.
Proposed working principle
Proposed working principle for the wireless sensor nodes and the gateway
Due to the focus of the presented study is on rainfall-induced landslides, the monitoring data are collected and recorded mainly during and after rainfall for saving the energy of the EWM RIL system. In addition, different operating scenarios are also proposed based on rainfall scenarios and corresponding FoSs. More specifically, we defined the two operating scenarios, warning mode and normal mode, based on thresholds computed through an analysis of rainfall and its duration for the slope being considered.
The proposed working principle of the wireless sensor nodes and the sink node in this study is shown in Figure 4 . Accordingly, in the normal mode, the sampling rate of the sensors is low. Ts_old denotes the sampling value being set at the sensor nodes, whereas Ts_new denotes new sampling values that workstation required sensor nodes change to. The value of Ts_new and Ts_old are preset values Ts1, Ts2, or Ts3 (see Figure 5) . It is noted that Ts1 > Ts2 > Ts3, which means that the sampling frequency increases as the FoS value decreases. A change in sampling rate depends on the result of slope stability analysis. The value of the sampling rate is varied depending on the FoS to meet two purposes: reducing the number of samples to be transmitted in the case of the slope is safe or increasing the collected data when the slope is unsafe. Thus, the warning mode will be activated if Ts_new is less than Ts1, and for this case, the network topology is switched from the tree topology to the star topology. Accordingly, the sampling rate of the monitoring data is increased from 1/ Ts_old to 1/Ts_new samples per second. If Ts_new equals Ts1, the network topology is switched from the star topology to the tree topology to save the energy .
Proposed working principle for the instability prediction and the real-time warning
The proposed working principle of the instability prediction and the real-time warning is shown in Figure 5 . Threshold_0 is an empirical pre-set value of rainfall intensity. In our work, Threshold_0 is determined based on the formula proposed by Guzzetti et al. (2008) . If the rainfall reaches this threshold, the system will send a notification to the operating expert suggesting that a slope stability analysis should be performed. If the rainfall intensity is lower than Threshold_0, the operation of the system depends on its current operating status, in the warning state or not. For example, although the rainfall intensity is lower than the threshold_0, the slope is in an unstable state because of high PWP, the system will send a notification to the operating expert. If the slope is in stability status and the rainfall intensity is below Threshold_0, there is no need to evaluate the landslide hazard. It should be noted that the warning state is a binary variable, '1'-warning state, whereas '0'-safe state. The value of this variable defaults to 0 and would be set to 1 (if FoS < = Threshold_1) or 0 (if FoS > Threshold_1) after analyzing the slope stability.
In our proposed scheme, besides the geotechnical properties and the topography of the slope, the input data for the FoS analysis are (i) the rainfall and rain intensity from the gauge station; and (ii) the monitoring data from the field site. Thus, PWP is not only the input data but also the parameter for evaluating the result of the model simulation. Accordingly, the operating expert uses the weather forecast data to evaluate the stability of the slope in the near future. It is noted that the greater the FoS is, the steadier the slope is. A warning for the landslide is announced if the simulation result of FoS is low. We define Threshold_1 and Threshold_2 for FoS of the slope based on analysis of the slope combined with empirical knowledge of our geotechnics experts. These thresholds are corresponding to the two warning levels (early, intermediate), however, these thresholds should be updated by experts during the operation. If FoS is lower than Threshold_1 or Threshold_2, the slope is in an instability state, and therefore, the warning (early or intermediate) is issued. The time period from this instability state to the landslide occurrence (FoS reaching to 1) is coded as Nd. For this purpose, a simulation test has been carried out using the slope's data and the forecast rainfall to determine Nd. Based on Nd, the operating expert could make a suitable decision. Thus, if the slope is predicted as unstable, the sensors will switch to the higher sampling rate, and vice versa, if FoS is higher than Threshold_1, the system will switch to the normal state, in which the sample rate used is lower to reduce the power consumption of the sensor nodes.
Based on FoS, the computer station will send a message to the sensor nodes. If FoS > Threshold_1 (the slope is in a safe state, the weather is good, and the pore-water pressure is low), the WSN will switch to tree topology mode. In this mode, the pre-defined sensor nodes will be changed to the router mode. The other sensor nodes are used as the end devices and they will connect to the sink node through the router.
If FoS < Threshold_1 (the slope is in a warning state, low stability or vibrations), the system will switch to the tree topology mode. In this mode, the high sample rate and the high transfer rate are activated to sense the data of the slope. The sensor nodes will reconfigure themselves to communicate directly with the sink node. Using the sensed data, the FoS will be estimated. In case the slope turns back to the safe state (FoS increase), the system will switch from the star topology to the tree topology, and in this case, the sensor nodes will turn into the idle mode to save energy. The power for the sensors will be turned off, and the Waspmote board and the RF module also switch to the idle mode.
For the case of the landslide happen, a pre-determined vibration threshold (Threshold_3) must be properly selected. According to Kotta et al. (2011) , the vibration value on the X and Y axes of an acceleration sensor in a position on the ground above 0.5 g indicates a remarkable ground movement. Uchimura et al. (2015) suggested that if a slope has a tilting rate of 0.010 per hour, a precaution should be issued. Therefore, in this project, we designed the Threshold_3 = 0.5 g (1 g = 9.8 m/s 2 ). Accordingly, if the vibrations in at least two nodes reach the Threshold_3 mean that the landslide is happening and a warning message at the imminent level is sent to the person in charge.
The case study for the proposed EWM RIL
Data collection and processing
In this research, the Nam Dan landslide in Xin Man district, Ha Giang province, located in the northern mountainous region of Vietnam was selected as a case study. Xin Man is a highland district in the western part of Ha Giang province, characterized by strong dissection of topography, steep slopes, many high mountains, and prone to landslides. The elevation varies from 500 to 1700 m. Valleys are very steep, deep, and characteristic V-sharps. Large sliding blocks appear along the roads where sloping roofs are severely cut and at the foot of mountains there is a runoff. This district covers an area of 582 km 2 and is currently considered to be one of the most prone landslide areas in Vietnam. Statistics of the historical landslides recorded in Xin Man shows a total of 967 landslides occurred from 2012 to 2016 (Ngoc et al. 2016) .
The average rainfall is around 1695 mm yearly. Rainfall is particularly high during August and September. This is considered the main triggering factor that causes flash floods, debris flows, and landslides in the area.
Nam Dan landslide is located along the road 178. The reactive landslide under investigation has the highest altitude reaching 870 m above sea level and faces West to East. The Nam Dan landslide is approximately 360 m long from the detected open crack to its toe ( Figure 6 ). The depth and the average width of the landslide are around 30 and 245 m, respectively. The slope is from 26 to 45
degrees. The slope surface is covered with a layer of clay mixed with yellowish residual weathering macadam. Underneath is the bedrock belonging to the Song Chay complex -Phase 2 (gaD 1 sc 2 ) where the main lithology is coarse grained gneissoid biotite granites. On the top of this bedrock layer, the bedrock has been weathering in moderately to strongly, whereas, at the bottom, the bedrock acts as a water blocking layer. The topsoil and weathered rock are affected by infiltration. A typical cross-section of the landslide is shown in Figure 7 (a) and two photos of the landslide taken on 15 May 2016 are shown in Figure 7 (b,c).
In this research, four laboratory tests, the physical properties test, the pressure plate test, the direct shear test, and the triaxial test were conducted to acquire physical and mechanical parameters for each layer. In addition, the parameter of residual strength of soil was determined using Bishoptype ring shear test (Bishop et al. 1971) . Furthermore, a series of field investigations were carried out from May-August 2016 where detailed information of the landslide i.e. heights, angle, lower length, upper length, and slip surface characteristics were determined, and the soil samples were collected at the slope. These samples were then analyzed at the geotechnical laboratory to determine geotechnical properties such as soil classification, water content, soil-water characteristic curves, and shear strength.
It is noted that the Unified Soil Classification System (ASTM Committee D-18 on Soil and Rock 2011) was adopted to classify the soils, whereas Landes and Begley (1976) was used for the soil samples testing. Using the four laboratory tests mentioned above, the geotechnical properties of the slope were determined: the cohesion is 23 (kPa), unit weight is 16.5 (kN/m 3 ), volumetric water content is 0.36 (m 3 /m 3 ), hydraulic conductivity is 0.65 (m/day), and residual water content is 0.2 (m 3 /m 3 ) (Figure 7(a) ). These geotechnical properties of the slope were then used to calculate FoS using the SEEP/W and SLOPE/W modules in the GeoStudio software.
The EWM RIL for the Nam Dan landslide
For early warning and monitoring system of the landslide, we designed a total of six WSN nodes for the monitoring network. Each sensor node consists of a Waspmote board, a battery, a XBee module, a soil moisture sensor, three PWP sensors, and three 3-DOF (degree of freedom) acceleration sensors as shown in Figure 2 . The data acquired from sensor nodes and rain gauge are sent to the sink node and then transmitted wirelessly through GSM/GPRS module to a MySQL database on a Web Server. A web application and an Android application are also built for remote monitoring (Figure 8(a,b) ). The users can monitor the vibration, the tilt, and the displacement estimated using acceleration data (Figure 8(c) ).
It is noted that this is a season effect Nam Dan landslide where the initial conditions used for the FEM, i.e. pore-water pressures and hydraulic conductivity of soil are dependent on the rainfall season, from May to October yearly. Figure 9 shows the seepage estimation at different times with the uniform rainfall intensity of 200 mm/day for 15 days. Due to the infiltration of rainwater, the groundwater level increases gradually from the first day to the 15th day. It can be seen that the pore pressure level rises day by day. In Figure 10 , with the average rainfall intensity of 200 mm/day, the FoS dropped to 0.877 (i.e. warning level) after 15 days. When rainfall infiltrated the soil layer, the matric suction gradually decreased, the groundwater level gradually increased resulting in reduced shear strength. The FoS decreased with time of rainfall. On the 15th day, the FoS reached 0.877. The critical slip surface changes over time depending on the distribution of matric suction. It is noted that the agreement between the measured values of PWP at the field site and the estimated values of PWP from the simulation confirms the reliability of our evaluation about the slope stability. Figure 11 shows more details about the dependence of FoS on rainfall intensity over time. Figure 11 (a) presents two cases of rainfall: uniform and non-uniform intensities with a note that the total rainfall is the same. We assume that the uniform intensity of the rainfall (i.e. dotted curve) is the initial input of the FEM simulation. If we can exploit the rainfall intensity from the rain gauge as shown in the solid curve, the estimation of the FoS would be different. In detail, at the 12th day, the scenario with a uniform intensity of the rainfall still showed that the slope was safe (i.e. FoS > 1). The FoS dropped to below 1 (i.e. warning level) after 12 days. However, the scenario with the nonuniform rainfall intensity showed that the slope is not safe anymore on the 12th day (i.e. FoS < 1). In both cases, it can be seen that the slope stability decreased as the rain duration increased. The value of FoS significantly reduced in a linear trend when the rain duration increased from the first day until the 12th day. However, the FoS declines slowly after the 13th day. As described in the above section, the groundwater at the landslide site is mainly located in the fractured weathered bedrock. Most rainfall may flow downwards to the hillside through the fractures and difficult to remain in the pore space. 
Concluding remark
This paper proposed and implemented an EWM RIL with a case study at the Nam Dan landslide, Xin Man district, northern Vietnam, in which, a detailed explanation of the technical design of the EWMRIL system is provided. According to current literature, such kind of an explanation has seldom been provided. Therefore, the work could partially fill this shortage in literature.
The proposed EWM RIL is an integrated system that combines a wireless sensor network, the FES analysis, and the limit equilibrium slope stability analysis for a real-time early warning and monitoring of the landslide. Accordingly, the instability status of the slope was determined based on FoS that was calculated using its parameters derived in the fieldwork. These parameters are monitored real time and sent to the computer station to compute FoS. Based on the computed FoS, the status of the slope was analyzed, and then, decision-making could be issued.
The advantage of the proposed system is that flexible and reliable WSN are introduced to adapt to the designed warning state of the landslide. Consequently, the system is more balanced between the power saving and the reliability. In , the network is switched from Figure 8 . Data monitoring through our website (a); our mobile application (b) and an example of tilt estimated using acceleration data (c).
the tree topology to the star topology when the rainfall reaches to the determined threshold, even though the FoS is still high (i.e. FoS ) 1). In our work, the WSN system only switches from the tree topology to the star topology when FoS reaches to a warning threshold. Thus, the proposed system in this research is more effective than that in the previous works, i.e. in in terms of the power consumption.
One of the critical problems in an EWM RIL landslide is that some sensor nodes buried in the slope may be broken or destroyed or out of work due to the moving of the landslide or other errors, therefore, reducing the reliability of the system. In this study, the proposed system is capable to automatically switch from the tree topology to the star topology when the slope is in unstable status. Therefore, if some sensor nodes are broken, the other sensor nodes will continue working, and thus, the reliability of the system could be preserved.
Besides the proposed flexible configuration of the system, a new working principle for the wireless sensor nodes and the gateway has also been proposed. Accordingly, two operating scenarios, the warning mode with the designed high sampling rate and the normal mode with the designed low sampling rate, therefore, the power consumption is lower than that at the regular working principle.
The main limitation of the proposed system in this work is that the EWM RIL system is feasible for site-scale rainfall-induced landslides. In addition, the system requires a detailed geotechnical investigation to establish FoS, therefore, this may be a cost-consuming system, especially for large landslides. Furthermore, due to the natural limitation of the current sensor and wireless technology in terms of power consumption, more power-efficient solutions should be further considered in the future to improve the EWM RIL system.
It is noted that we proposed to use the ZigBee and flexible topologies based on the size of the Nam Dan landslide, where the communication range is around 300 m. Therefore, for larger communication ranges, other wireless communication technologies such as LoRaWan (Augustin et al. 2016 ) could be considered.
At the final conclusion, despite some aforementioned limitations, the result of this research is useful for landslide risk prevention and management in landslide prone-areas. 
